across successive intervals along a chromosome, this is not true for distances measured as recombination frequendes. Therefore, linkage maps use centimorgan units (cM), a measure based on the frequency of recombination, but identical to it only in the limit of small distances (6) . A map unit of I cM corresponds, at that limit, to an observation of recombination in 1% of the gametes in the sample (7) . The predicted total length for the sex-averaged linkage map is ss00 cM (8) .
Physical maps. Physical maps can be cytogenetically or molecularly based. Cytogenetically based physical maps order loci with respect to the visible banding pattem or relative position along the chromosomes, primarily by means of data from somatic cell hybrids and in situ hybridization (9) . Molecularly based physical maps directly characterize large tracts of DNA by establishing molecular landmarks, such as restriction endonuclease sites and sequence tagged sites (STSs) (10) . These maps are usually constructed from data generated by pulsed-field gel electrophoresis (PFGE) (1I) or by related techniques that size and order large restriction fragments of genomic DNA. Another molecular strategy is to characterize cloned DNA [in the form of yeast artificial chromosomes (¥ACs) (12) , cosmids, or shorter phage vectors] sufficiently to establish overlapping assemblages of clones, known as contigs.
Cytogenefic maps have a scale and coordinate system corresponding to the chromosome banding pattern. The large-scale restriction maps have a scale on the order of kilobases of DNA (kb) and have not been related to specific chromosome bands. Conversion and comparison between physical maps with such different types of scales is a high priority, but common reference points will have to be mapped and the conversion factors determined empirically. Sequence-tagged sites have been proposed as the common reference points that could be used to coordinate information from different mapping strategies (10) .
The highest level of resolution for a molecularly based physical map is the DNA sequence, which gives the linear order of nudeotides for each of the 24 distinct human chromosomes. Leaving aside for the moment the question of sequence polymorphism, a complete reference sequence will contain roughly 3 x 109 bp of DNA (13) .
The order of loci in physical maps and linkage maps will be the same, but there exists no simple means to convert physical distances into recombination frequencies. Recombination frequencies per megabase of DNA vary considerably by sex and by chromosomal region. The emerging pattern of regional variation shows that telomeric regions have proportionately more recombination in male meiosis and that centromefic regions have higher frequencies of recombination in female meiosis. Overall, there are higher frequencies of recombination in female meiosis than male mdosis (usually resulting in longer maps for females), but the ratios of sex-specific map lengths differ among the chromosomes (14) .
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Short-term (5-year) goals have been established for a few specific types of maps. For physical mapping, the short-term goals are (i) to assemble STS. maps of all human chromosomes with the goal of having markers spaced at approximately lO0,O00-bp intervals, and (ii) to generate overlapping sets of cloned DNA or closely spaced, unambiguously ordered markers with continuity over lengths of 2 x 1 0 6 bp for large parts of the human genome (4) .
The short-term goal for the linkage map is to enhance its resolution for each chromosome to a spacing of 2 to 5 cM (4). The >2000 DNA polymorphisms already identified and cataloged would allow construction of a linkage map with average interval size between adjacent loci of about 2 cM. However, published maps have not yet incorporated enough of these to achieve a resolution of more than approximately 5 to 10 cM. Furthermore, since as the distribution of known polymorphic markers is far from uniform, many large gaps will remain until new markers are added.
Quantifying Progress in Human Genome Mapping
The great variability in levels of resolution and the different goals for the various mapping strategies made a single coherent description of the progress ofgenome mapping quite challenging. The wall chart in this issue (15) along with the results presented below attempt to provide such a summary. Our objectives were to develop a generally applicable method for quantifying mapping activities on a regional basis throughout the genome and to relate data among different types of maps.
Sources of data. Three primary sources of data were utilized for this study: the Human Gene Mapping Library (HGML) Database (16), the GenBank sequence database (17) , and pubfished linkage maps . The HGML provided the cytogenetic map locations of loci. Broadly defined, a locus may be any genomic location ranging in size from single base pairs to endre gene clusters. For the most part, loci in the HGML are functional genes, pseudogenes, fragile sites, or anonymous pieces of DNA that have been mapped. Probes, on the other hand, are generally cloned pieces of DNA or primer pairs from polymerase chain reaction (PCR) analyses that are used to define or delimit a locus; there are often multiple probes for a given locus. Polymorphisms entered into the HGML are DNA variadous that have been detected primarily by restriction endonuclease analysis, or more recently by PCR-based analyses. The HGML database included all map locations from the Tenth International Human Gene Mapping Workshop (HGM10) and subsequent updates based on articles published or in press through 31 July 1990.
A continuing collaborative effort with GenBank (48) has provided us with the links needed to relate DNA sequence to cytogenetically mapped loci. Most sequence lengths and nucleotide frequencies were current as of GenBank release 64.0.
Preparation of illustrative linkage maps Jbr the wall chart.
The knowledge necessary for the construction of comprehensive linkage maps is in a state of rapid transition. Few comprehensive linkage maps existed only 4 years ago (49) . The CEPH collaboration (50) has had a catalytic effect on this field. There is now the expectation that for most chromosomes consensus maps at better than 10-cM resolution will be published within the next year or two. Many chromosomes already have multiple linkage maps published by different researchers, but these maps often have few markers in common, making complete integration impossible without additional data. An added complication is the different analytic methods being used to generate maps; multipoint methods simultaneously evaluate several loci while pairwise methods consider loci only two at a time. These different 238 methods involve different assumptions and can yield different results, as noted below. Thus, an attempt at a comprehensive synthesis of the human linkage map is premature. We have instead chosen to present illustrative maps based on the most comprehensive oftbe published maps for each chromosome. The maps actually used to prepare these illustrative maps are from the articles noted in Table 1 . Many other published linkage studies dealing with smaller numbers of loci exist (51), but were not used in constructing the maps on the wall chart.
The map for each chromosome was prepared by selecting loci m give an average spacing of roughly 10 to 20 cM. The selection of loci was conservative and included only markers with unambiguous orders. Markers from separate studies were combined when warranted, but only when no ambiguity of order would be introduced. For example, separate maps of the arms of a chromosome could be combined if a centromeric locus is shared. Combinations largely involved blocks of genes, as for the example above, but occasionally a locus was intercalated into the illustrative map when flanked by markers shared by both maps. In such cases, the flanking markers were far apart and the evidence was compelling that the intercalated marker is between the other two. In choosing which markers to illustrate in the maps, preference was given to genes over anonymous DNA segments, to loci with higher beterozygosifies, and to loci more frequendy studied. The resulting maps are heuristic in nature and were prepared primarily as a framework to portray the distribufon of polymorphic loci in relation to the linkage intervals.
Genomic coordinate systems. Perhaps the most familiar coordinate system for genomic mapping data is the cytogenetic banding patttem. Conventional summaries (52) of cytogenetic mapping data depict all genes and other loci in relation to the cytological banding patterns of each chromosome, with vertical bars or brackets indicating the interval--encompassing one or more bands--to which a locus has been mapped. The bands are themselves genomic intervals, and can be thought of as the fundamental intervals in the cytogenetic coordinate system. Because of overlaps among map locations, cytogenetic summaries become quite cumbersome when a large number of loci are mapped with varying degrees of precision.
Other coordinate systems exist, such as the centimorgan scale for linkage and percentage of chromosome length for in situ hybridization (53) , but conversion among different systems is very difficult, at best. A unifying approach for summarizing the distribution of genes and other mapped loci over different types of maps with diverse coordinate systems would be highly desirable. For all coordinate systems currently in use, the inherent uncertainty in the mapping procedure yields an interval that contains the actual map location, rather than a point. Thus, overlap among map locations are likely to be a continuing problem.
Our solution to this problem was to develop a generally applicable scheme (described below) for quantifying the regional distribution of mapping activity. We have applied the resulting algorithm to the cytogenetic coordinate system. As an approximation to the relative lengths of all chromosome bands, we have used the lengths of the 860 bands (measured at a resolution of 0.1 ram) in the highresolution International System for Human Cytogenetic Nomenclature 1985 (ISCN) depiction (54) . The ISCN provides an internationally recognized standard nomenclature and banding pattern with which researchers can unambiguously indicate mapping coordinates for a given locus.
Allocation algorithm. Our logic for quantifying mapping activity as a distribution was to break down each map location into its fimdamentai intervals, and allocate each locus proportionally to those intervals. As an example of this procedure, consider a locus mapped to chromosome 1 without regional localization; it has some probability of being in any band on the entire chromosome. On the other hand, a locus mapped to a single band can be said to be in that band with probability = 1, barring mapping errors. Thus, b/Ij is an estimate of the probability that locus j is in band i; where bl is the length of band i,/i is the length of the map location of locus j, and i varies over each band in locus j's map location. We will take these probabilities as the proportional allocations oflocusj into each band of its map location. When this is done for all mapped loci whose map location includes band i, the total number of loci allocated to band i is
In this sum bi is a constant, so that the remaining term, Xl//j, is a type of density (loci/length) which, when multiplied by the band's length bi, yields the number of loci allocated to band i. These probabilities are calculated on the basis of the simplifying assumption that the only factor determining locus distribution is length of each chromosome band.
Estimating progress towards dosure or completeness. As a working definition, cytogenctic mapping of genes can be considered complete when all genes have been identified and have map resolutions of one band. Obviously, this definition does not consider order within bands, but it does allow us to estimate completeness by comparing the number of genes allocated to each band with the number expected to be there.
Let L be the length of the genome, B the number of bands each of length bi, N the true number of genes, and C the number of mapped genes. Our expectation is that each band contains a number of genes (hi) that is proportional to that band's relative cytogenetic length
following the same assumption made for the allocation algorithm. Hence, completeness for band i can be calculated as the ratio of current allocation to expectation:
where, again, the sum is over all genes whose map location includes band i. This is the ratio of gene density within band i to the global gene density (N/L). This rationale can be applied to larger genomic regions, such as individual chromosomes. However, for regions larger than the coordinate system's fundamental intervals, precision of mapping must be taken into account; otherwise, we get trivial estimates such as C/N as an estimate of completeness of gene mapping for the entire genome. The sum Xl//j is an estimate of the total precision for genes mapped to a given genomic region. If this sum is taken over all C mapped genes, it is an estimate taken over the entire genom¢; if it is taken over the Ct genes mapped to chromosome k, the sum is an esdmate specific to chromosome k. This sum increases as additional genes are mapped and as map precision increases. At completion, the sums are taken over N and Nk, respectively, in which case we have the approximations = , = , T {s) Table 1 , Data used for the wall chart and analyses are displayed. The length column represents the length of each chromosome as a percent of the total length of the genome measured from the ISCN ideograms. Most of the HGML data in these analyses were used in a straightforward manner and are raw counts, but some aspects require clarification. (.i) Map locations. Most loci are mapped to a single cytogenefic interval, which has an easily defined length. However, 112 loci are mapped to discontinuous intervals, and some localizadons span two different chromosomes. Conceptually these loci pose no real problems, since their more complex map locations are still definable as lengths of the human genome.
(ii) Sequence overlaps. Most GenBank entries are unique DNA sequences, each for a specific region of the genome. However, as the sequencing effort intensifies, there will be a tendency for separate database entries to have overlapping sequences, generating redundancy. Currently there is no automatic means for identi~ing and flagging these overlaps. We have compared all GenBank sequence entries that were linked to loci with overlapping map locations and eliminated 90 kb of redundant sequence. The remainder represents about 80% of the DNA sequence data that has been cataloged. An additional 1,545,255 bp have yet to be associated with specific chromosomal locations.
(iii) Probes. Since we wanted to determine the distribution of unique probes with unambiguous map locations, we have filtered out 550 probes known to be subelones of larger probes, and 628 probes that show homology to multiple genomic locations. (19, 20, (27) (28) (29) (18, 20, 30 as the expectation for the entire genome, and
as the expectation for chromosome k. In the second equation, N, is the number of genes on chromosome k and B, is the number of its bands. The first equality in each equation follows from our assertion that completion is the mapping of every gene to a specific band, and the approximation follows from our assumption that genes are distributed proportionately according to band length. We may now calculate completeness as the ratio for the entire genome, and ,
/6)
for chromosome k. For sequencing, the same logic was applied: we replaced the number of genes allocated to a region with the number of base pairs allocated, and allowed N to be the true number of base pairs in the genome. Since there is no meaningful limit to the number of probes or polymorphisms in each band, there can be no clear definition of completeness. A contig consisting of overlapping probes that spanned an entire band would constitute completeness for one type of physical map, but a large volume of such data is not yet readily available. Consequently, although we have used color bars to depict gene mapping and sequence completion on the well chart, the color bars for probes and polymorphisms only depict estimates of numbers per band.
Map location refinement by means of locus order. Most cytogenetic localizations arise directly from physical mapping procedures. However, indirect information such as locus order from linkage maps can be used to verify or refine these localizations. For instance, if three loci are in a known order, the cytogenefic localization of the middle locus is bounded distally by the distal limit of the regional assignment for the distal l~us and proximally by the proximal limit of the proximal locus. This logic can be applied sequentially along the chromosome to each locus for which order information is known. The most precisely localized marker will exert considerable constraint on the regional localizations of a large number of other loci. A clear example is the newly described locus D10S96 (34): the marker only has a chromosomal localization (chromosome 10). Yet, its unambiguous position on the linkage map between DIOS5 and CDC2, both of which are localized to 10q21.1, refines the localization of D10S96 to lOq21.1. Since the order of each linkage map limits the possible map refinements, the refinement procedure can be applied iteratively when a collection of maps exists for a single chromosome. When loci are shared among these maps, the shared loci may receive different refinements that can be detected and resolved on each pass. Iteration terminates when there is no further refinement. We have used more than 100 linkage maps containing over 950 distinct loci (55) . Two hundred and seventy-four of these loci were selected for illustration in the linkage maps on the wall chart (51). For most chromosomes there were no further refinements after four iterations.
Allocation of polymorphic loci to linkage intervals. The refined localizations were used to portray the number of cataloged polymorphic loci in each interval of the illustrative linkage maps. Polymorphic loci, other than those used in linkage studies, cannot be allocated directly to linkage intervals unless correspondence has been established between linkage intervals and cytogenetic intervals. The cytogenetic interval corresponding to a specific linkage interval is taken as the union of the refined cytogenetic intervals of the pair of loci determining that linkage interval (56) . The sum of polymorphic loci allocated to each band within this cytogenefic interval is our estimate of the number of polymorphic loci within the corresponding linkage map interval. Although each linkage interval is treated independently in this allocation, the fact that adjacent intervals share a common polymorphic locus means that all polymorphic loci allocated to the cytogenetic interval of this common locus are counted in both linkage intervals. Because of our refinement procedure, the cytogenetic overlap between adjacent linkage intervals is precisely the cytogenetic map location of the shared locus. A consequence of this unavoidable overlap is that the allocated numbers of polymorphic loci are not additive across the linkage map. They are however, for each single interval, valid maximal estimates.
Analyses of Human Genome Mapping Activity
The mapping data used in our overview are summarized in Table  1 . Three overlapping subsets of the 6552 loci--genes, sequenced loci, and polymorphic loci--have been analyzed individually because of their relevance to functional characterization, sequencing, and linkage mapping activities, respectively. The allocation algorithm was applied to all loci, genes, sequenced genes, polymorphic loci, probes, and DNA sequence• In the wall chart, distributions were shown in relation to the chromosome banding pattern. The distributions for genes and mapped DNA sequences were shown as progress towards completion for each band, whereas progress in probe identification was shown as the number of probes within each band. Numbers of polymorphic loci were shown only in relation to the linkage map as described above.
For convenience, each mapping activity has been depicted in Fig.  1 as a histogram with a numeric scale by recasting the results of our allocation to the cytogenetic bands in terms of 400 intervals of roughly equal size. In Fig. 1 polymorphic loci are represented on a cytogenetic length scale, rather than on the centimorgan scale used on the wall chart. In both the wall chart and Fig. 1 the considerable overlap among the various mapping activities is immediately obvious. For instance, localized spikes of activity on chromosomes 6, 11, and 14 (due in part to the HLA cluster, the fl hemoglobin and WAGR regions, and the immunoglobulin heavy chain region, respectively) were found for all types of mapping activity. To quantify this impression, we calculated the correlation coefficient between each pair of mapping activities. All calculated coefficients would have been highly significant i f the distributions of mapping activities were Gaussian. As this does not appear to be the case, variation in magnitude (0.35 to 0.83) could only be used to suggest trends. There was a trend for regions with more sequenced genes to have larger numbers of base pairs allocated. Mapping of all loci and polymorphic loci were positively correlated, but each was poorly correlated with sequenced genes and with base pairs of sequence. The poor association between (polymorphic) loci and sequencing may reflect a preference toward sequencing functional genes. Lastly, the probe distribution was relatively highly associated with all mapping activities, which confirms that probes are central to current mapping strategies.
The genome-wide estimate for complete identification of genes (Eq. 5) was 0.52%. The simple estimate of 1.9% (C/N, where C = 1909 and N = 100,000) was almost fourfold higher, but does not account for mapping resolution. The peaks of activity in Fig. 1 suggest substantial variability in regional progress toward completion. We have used Eq. 6 to estimate progress towards complete SCIENCE, VOL. 250 i identification of genes in all of thc bands for each chromosome (Tablc 2). Chromosomes 22, X, 11, and 17 were each estimated to be over 1% complete, whereas chromosomes 15, 3, 5, and 8 were farthest from completion. This ranking takes into account not only the number of genes mapped to each chromosome and their mapping resolutions, but also the relarivc goals for each chromosome; a chromosome with few bands is casicr to complete than a chromosome of similar size that has many bands.
Ten bands were more than 10% complcte, as measured by Eq. 2 (Table 3) . These bands arc the well-characterized regions associated with [3-hemoglobin, immune function (HLA, immunoglobulin chains), and several diseases. Most of these bands were relatively highly ranked (>1%) for DNA sequcnce completion as well. The largest band (Yq12) was estimatcd to be the farthest from gcne mapping completion. In fact, this band consists of highly polymorphic heterochromatin, and is thought unlikely to harbor many genes. As more information is gathered, it will be possible to look for systematic differences among the different types of bands. The other nine of the ten least compIctc bands are all on chromosome 13. Thcrc arc relativcly few genes mapped to 13 (Tablc 1), but they are highly localized, leaving many bands virtually empty.
Completion of the linkage map can be estimated from the summary linkage map presented in HGM10 (I8). In this summary map, 5.7% of the total centimorgan length spanned by the maps was contained in intervals -<2 cM, 29.2% was in intervals -<5 cM, while 58.3% was contained in intervals -<10 cM. These figures are very crude estimates of the completion at the various levels of resolution and may be misleading for a variety of reasons. First, very few examine the lengths of all map localizations (Fig. 2) . Most loci are mapped to within 1% of the genome; all are mapped to a resolution less than 8.3% (the length of chromosome 1). The average lengths of map locations are: 1.7% of the genome length for all loci, 1.6% for genes, 1.1% for sequenced genes, and 2.0% for polymorphic loci. Localization of sequenced genes had the highest precision, which suggests that they are generally under intense study. This trend may be bolstered by high-resolution PCR-based mapping techniques that make use of the DNA sequence data. The lower precision of localization of polymorphic loci reflects the fact that many such loci are anonymous DNA segments that have only been localized by linkage, which typically yields less precise map locations. As loci become more precisely mapped along the chromosome, the ability to order loci unambiguously will improve, as will the ability to draw relationships between the cytogenetic map and other types of maps such as the linkage map. Our analyses have only used the chromosomal banding pattern as a coordinate system. In reality, biological differences underlie the observed banding pattern. Many explanations have been proposed, the most common of which invokes the observed difference in replication timing between light and dark bands (57) . Although we cannot test this hypothesis with our data, we can demonstrate how the data can be used to test two other hypotheses. The first is that functional genes tend to be clustered in light bands. If the bands that cannot be simply categorized as light or dark (for example, centro, merle bands) are ignored, the genome consists of 413 light bands and 377,dark bands representing 51.2% and 48.8% of the genome length, respectively. When these lengths are treated as the binomial probabilities that a gene falls in a light band versus a dark band, the 99% confidence interval for the propomon of genes expected in light bands is 48.1 to 54.2%. However, 59.1% (1052.1 of the 1780.7 total genes allocated to light or dark bands) was allocated to light hands, a significant excess. This difference is even more impressive when one considers that the allocation algorithm could obscure this tendency--all genes with map localizations that include multiple bands are allocated proportionally among these bands. A more direct test is to examine genes that have been mapped to a single band. Of the 170 such genes, 115 (68%) were in light bands. Sixty-four of 72 fragile sites (89%) and 266 of 340 anonymous DN A segments (78%) that have been mapped to single bands were also in light bands. Most of the single-copy fraction of the genome is thought to be nonfunctional. Most anonymous DNA segments are single copy and if they are, therefore, nonfunctional, then the perceived clustering of genes in light bands may be due to systematic mapping biases rather than actual clustering of the genes. Possibilities include greater ability to resolve loci within light bands, sampling bias for the loci being mapped (for example, exclusion of repetitive elements or preference for highly expressed genes), or greater condensation of DNA in light bands, and hence more DNA--an explanation contrary to prevailing expectations. Investigation of transcriptional activity does not show a bias between light and dark bands (57) .
The second hypothesis is that GC content (the percentage of DNA composed of guanine and cytosine base pairs) is higher in light bands than in dark bands (57, 58) . The loci that have been sequenced and mapped to single bands provide a relevant data set. The average GC content for sequences linked to loci mapped to a single light band was 0.517; that for sequences linked to loci mapped to a single dark band was 0.507. There was a great amount of variability in the estimates for both band types; GC content for 16 light bands ranged from 0.434 to 0.610, and for 18 dark bands ranged from 0.397 to 0.594. These data suggest no difference in GC content between light bands and dark bands as two classes, but leave open the question of major differences in GC content among individual bands of either class. The data used here represent only a fraction of the information that will eventually be available. Improvements in the resolution of map locations that have been sequenced and acquisition of sequencing and mapping data for additional loci will enable researchers to elucidate such basic aspects of genome organization. 
Discussion and Conclusion
The methodology developed for this analysis has produced a multifaceted overview of current mapping activity and provides a preliminary evaluation of current progress toward mapping the human genome. Through this exercise, some of the limitations of the methodology and the barriers to pre~nting a comprehensive overview inherent in both the data and the manner in which it is recorded have become apparent.
Pertinent data for the human genome project come from a diverse spectrum of disciplines, many of which have immediate goals only incidentally related to gene mapping (for example, medicine, biochemistry, physical anthropology, and molecular biology). The compilation and coordination of data from these various disciplines is daunting, and suffers from the lack of common channels of communication for the relevant data items. Two major barriers to the expedient integration of data are the lack of a flexible, universal nomenclature, and the variety of mapping resolutions associated with these data items. Even though a rigorous nomenclature exists for genes and mapped segments of DNA (59) (60) (61) , this nomenclature has only limited usage outside the human gene mapping community and its scope is still too limited to accommodate more general "loci," such as contigs, YACs, and other objects arising in physical mapping. In addition, official names and symbols are often assigned only after initial publication under very different names. A more generalized system is needed to allow the broader scientific community easy access to all information on a locus when that information is published in diverse journals under a multiplicity of names. Such a system would facilitate identification of links between different data, such as DNA sequence and map location, which until now have been largely established retrospectively through a laborious manual evaluation of data.
Variability in the level of resolution of a data item is a very common problem. For example, there are currently several entries for amylase-2 DNA sequences in GenBank; however, the official HGM10 nomenclature recognizes two specific loci, AMY2A and AMY2B. This situation would be partially solved by recognizing these two adjacent genes as a cluster with a single location in the genome, thereby allowing a link between the two types of data. Problems also arise in relating other locus attributes, such as polymorphism, to the individual members of gene clusters. The hierarchical nomenclature needed to resolve such issues for gene clusters is also needed for contigs and their component clones.
To date, efforts to compare maps, even when the links have been clear, have been limited to individual chromosomes or chromosomal regions. Under the rationale that all maps should share the same relative order of loci, we have used locus order as a means for refining cytogenetic map locations across the entire genome. If used indiscriminately, this method has the potential to propagate errors from one incorrectly but seenlingly precisely positioned locus through the nearby loci. However, as larger numbers of loci are localized with increasing precision, these errors will be detectable as differences in locus order. In an application to one set of linkage maps involving 578 ordered loci (18) , only 15 inconsistencies between linkage order and cytogenetic order were found, suggesting that most of the regional localizations are accurate and consistent with order detived from linkage. The inconsistencies clearly indicate loci and regions requiting additional evaluation. One of the inconsistencies detected occurred in the middle of the short arm of chromosome 1; it had previously been noted (62) . There will inevitably be conflict between maps constructed with different techniques, or even maps constructed independently with the same technique. Clearly, continuous coordination of the different mapping results is one of the best defenses against mapping errors.
We cannot construct a comprehensive, unified, linkage map at this time. The various published linkage maps for a chromosome often differed considerably in the estimates of distance between loci; in some cases they differed in the order of loci and the sets of loci used in different maps often had minimal overlap. It is not our objective to review these differences in detail, but two points can be made quite strongly. First, different methods of analysis of the same data can give quite different map distances. One example is the map of chromosome 4 where one map (26) based on multipoint mapping methods of primarily CEPH data is almost twice (1.94 times) the length of another map (I8) based on a different method of analyzing essentially the same data. Without discussing the merits of one analytic approach over the other, it is dear that human map distances are estimates that vary depending on analytic assumptions. The second point is that distance estimates also vary among different data sets because of the inherent sampling error. Compared to the numbers of meiotic products sampled to assemble maps in such 12 OCTOBER 1990 experimental organisms as Drosophila melanogaster, human linkage maps are based on very small numbers, and the distance estimates have a correspondingly large statistical uncertainty.
Our use of the ISCN as a coordinate system, without corrections for nonuniform distribution of genes and DNA between chromosome bands, constrains the interpretation of our analyses. Band lengths measured from the ISCN (1985) were used became a better coordinate system is not yet available. A molecularly based coordinate system could provide the basis for the organization of data from the different mapping activities. For example, a map based on physical reference points uniformly spaced every 7.5 Mb would allow generation of histograms with roughly the same resolution as those in Fig. 1 . One goal of physical mapping is an STS map with intervals approximately 0.1 Mb in length. Even the smallest cytogenefic band is several times larger than this and the average band contains close to 4 Mb; thus, there is a sizable difference in scale between the best molecular resolution represented by cytogenefic coordinates and the objective of an STS map. The estimation and allocation algorithms, and the completeness calculations presented above, could all be cast in terms of intervals defined in an STS map.
The enormity of the task at hand becomes apparent when considering the types of mapping informarion not included in our analyses, yet considered to be crucial to the broader scientific goals of the human genome project. Our analyses have not incorporated information from interspecies comparative maps, nor have we presented (other than as numbers of identified polymorphic loci) any measure of the kinds of and levels of normal variation that are expected in human nuclear DNA sequence. Although estimates for the human genome are that 0.3 to 0.5% of base pairs are polymorphic, no studies representative of the genome as a whole have yet been undertaken (63) . Thus, no global estimate is really justified and region specific estimates need to be empirical.
Ultimately we would like to know the informational content of the genome, and the order and relationship (physical and functional) among the various regions. The Human Genome Project can be seen as providing the necessary underpinning for this ultimate goal. The impact of these data should go beyond the immediate concerns of the genome mapping community, allowing scientists in the various fields that have contributed data to answer questions relevant to their own disciplines. This will only be possible if the data are accessible in a form that can readily be utilized by all researchers. With the increase in data generated by mapping efforts, our concept of genome organization will change, with ramifications for a common coordinate system, for nomenclature, and for database management. These issues deserve careful consideration, since the way we organize and record data will limit the questions we can pose.
